The space-borne measurements of the SMOS mission reveal for the first time the complete features of the sea surface salinity (SSS) signature at the full scale of the Pacific basin. The SSS field in the equatorial cold tongue is typically found to be larger than 35.1 within a narrow 2? band of latitude that is positioned slightly south of the equator and that stretches across the eastern Pacific basin up to the Galapagos Islands. On the northern edge of the eastern equatorial Pacific this signature results in a very strong horizontal gradient (larger than 2 units over 100 km) with the fresh waters of the Panama warm pool. By considering a water density criterion, it can be shown that the cold tongue is characterized by a strong seasonal cycle with a 3? C amplitude in SST where the warm season of February-March contrasts with the cold period extending from September to November. If the present ocean reanalyzes are able to capture these features, then the assimilation of the SMOS data becomes a worthwhile objective in order to depict more accurately the salinity signature of the cold tongue of the tropical Pacific.
Background
The classic paradigm of interannual climate variability in the Tropics involves positive feedback of ocean? atmosphere interaction, the Pacific cold tongue and the El Ni? o/Southern Oscillation (ENSO) phenomenon [4, 11] . The Tropical Pacific Ocean features the largest contrast in Sea Surface Temperature (SST) along the equator from the warm pool in the west (>28? C) to the cold tongue in the east (~20? C), near the Galapagos Islands. Ocean? atmosphere interactions can amplify SST anomalies of the cold tongue to sustain either a warm or a cold phase of ENSO, or to generate persistent anomalies with important global impacts like drought [10] . Bjerknes? proposed a positive feedback mechanism whereby the ocean interacts with the tropical atmosphere (Walker circulation) to reinforce an initial positive SST anomaly in the equatorial eastern Pacific resulting in weaker trade winds further reducing the east? west SST gradient and ultimately producing the warm-phase of ENSO. On longer timescales the cold tongue is also expected to play a critical role in global warming and its recent hiatus [13, 27] as well as on inter-hemispheric and inter-basin exchanges of water [29] .
The equatorial cold tongue results from the divergence of surface Ekman currents in response to the large-scale southeast trade winds, which brings cool waters through upwelling into the surface layers. As it represents a substantial part of the equatorial band where the ocean gains a large contribution of heat from the atmosphere, nuch attention has been given to various mechanisms involved in the maintenance of the cold tongue. Recently, Moum et al. [19] provide a quantitative assessment of the influence of ocean small scale mixing events occurring on timescales longer than a few weeks on the seasonal cooling of SST. As opposed to the attention given to the western equatorial Pacific where salinity anomalies can significantly influence SST and ENSO (i.e., [22, 33] ), the salinity variability has been largely ignored in the eastern Pacific cold tongue. In his pioneering study of the Pacific equatorial upwelling by means of a simple box model Wyrtki [32] underlined the difficulty of closing the salt budget due to the presence of a strong north? south gradient of salinity near the equator. The recent satellite observations by the ESA Soil Moisture and Ocean Salinity (SMOS) and the NASA Aquarius SAC-D missions provide the first space-borne measurement of the sea surface salinity (SSS) with sufficient precision to characterize key land? ocean and atmosphere? ocean interactions [25] . The large-scale variability of SSS can now be investigated with unprecedented space and time sampling.
The purpose of this study is to investigate the salinity signature of the equatorial cold tongue and to examine its relationships with the SST and the interannual climate variability over the past decade. For this purpose, we use the SMOS estimates of the SSS that we crossvalidate and place in the context of a longer time period by considering in situ observations collected by the Argo floats and two state-of-the-art reanalysis systems that provide ocean fields over the 2001? 2013 period. By isolating the cold tongue by means of a density criterion that takes advantage of high-resolution and concomitant data in temperature and salinity, its variability over the recent decade will be presented and discussed.
Methods
SMOS is a 6 am/6 pm sun synchronous polar orbiting satellite carrying an interferometric radiometer operated at 1.4 GHz and covering the entire globe with a 3-day repeat sub-cycle. SSS is retrieved from reconstructed brightness temperature images across a swath of~1000 km with a nominal spatial resolution of~43 km. At the SMOS sensor frequency, the captured radiation is emitted from the uppermost 1 cm and the satellite SSS represents an average salinity estimate for the very near-surface layer of the ocean. For this study, we used the Centre Aval de Traitement des Donn? es SMOS (CATDS, www.catds.fr) CNES Expertise Center-Ocean Salinity (CEC-OS) SMOS SSS (IFREMER V02) Level 3 products [24] . These are monthly composites of the swath SSS data for the 2010? 2013 period at a resolution of 0.25? ? 0.25? . The mean error of the composites is about 0.3 psu in the tropical oceans [25] . Satellite SST data used here are the Group for HighResolution SST (GHRSST) [6] level 4 products. In addition, we used upper ocean salinity between 4? 10 m depth recorded by Argo floats and provided by the Global Data Assembly Centre CORIOLIS (www.coriolis.eu.org/).
The NCEP reanalysis used in this study is an updated version of the operational Global Ocean Data Assimilation System (GODAS) [2, 3] and is a component of the NCEP Climate Forecast System, version 2 [28] . In the present context the GODAS was run in an uncoupled mode, forced by surface fluxes from the NCEP-DOE Reanalysis 2 [12] and augmented by relaxation at the surface to the Reynolds? daily SST product [26] and an NODC SSS climatology. The analysis uses a 3D variational method that assimilates temperature and salinity profiles from the Argo array, XBTs, and the moored TAO, TRITON, PIRATA and RAMA tropical buoys.
The CSIRO reanalysis is based on the Australian Community Climate Earth System Simulator-Ocean (ACCESS-O) configuration of the GFDL MOM4p1 ocean-ice code [5] . The ocean model configuration and data assimilation scheme are as described in Maes and O? Kane [17] . The model is integrated with a modified variant of ensemble optimal interpolation data assimilation system [20] , including 432 monthly mean anomaly ensemble members, to produce an ocean reanalysis for the period 1990? 2007 [21] . The reanalyses described in this study employ atmospheric fields from the CORE.v2 interannually varying forcing and consider a 14-day window of observations and cycle for reanalyses that include only temperature and salinity profile observations from XBT, CTD and Argo and satellite SST. SSS restoring is included but as satellite SST is assimilated no SST restoring is done.
Results and discussion
The annual average SST field in the tropical Pacific Ocean for the period 2010? 2013 as derived from the SMOS data is shown in Figure 1a . The upwelling of cold subsurface waters stretches along the equator from the coast to near the dateline. The cold tongue is largely contained in the region bounded by 3.5? N and 3.5? S and extending from the Galapagos Islands (around 0? -90? W) to the dateline, hereafter referred to as the Wyrtki box [32] . The cold tongue is also characterized by surface waters with the greatest density in the equatorial zone, typically more than 22.5 kg/m 3 , that marks the eastern limit of the western Pacific warm pool [15, 22, 23] . Figure 1b displays the correponding SSS field derived from the SMOS observations and averaged over the same period. North of the equator, between 4? N and 10? N, low salinity tropical surface water extends across the Pacific and coincides with a region of the InterTropical Convergence Zone (ITCZ) where, in the mean, precipitation exceeds evaporation. The lowest salinity values are observed in the far eastern Pacific Ocean within a pool of water bounded by strong fronts [1] . In the Southern Hemisphere, the process is reversed with evaporation exceeding precipitation, and consequently the SSS values are greater than 35, with the largest values observed in the central part of the subtropical gyre. In the southwest Pacific Ocean, low values of SSS indicate the presence of the South Pacific Convergence Zone that originates over the Solomon Islands (around 155? E).
Along the equator and slightly south of it, the SMOS data show persistent very high SSS values, typically larger than 35.1, with an extent that precisely coincides with the cold tongue. In comparison to the standard climatology the boundary between the equatorial waters and the northern fresh waters is slightly north of the equator, in agreement with the evidence from surface nutrient concentrations and chlorophyll-a pigments [7] . It is likely that this SSS signal is the salinity signature of the upwelled waters along the equator. Because trains of large amplitude vortices as well as tropical instability waves could generate intense horizontal convergence and divergence of the flow and thus influence the SSS field in the region [8, 14] , it is important to analyze with more accuracy the SSS variability observed in the core of the cold tongue. Other sources of potential errors originating from the retrieval of the SMOS observations will be discussed later. Figure 1c shows a timeseries of the satellite SSS between 8? N and 8? S at 110? W (along one of the standard longitude of TAO/TRITON array). It shows the persistence of salty waters to the north, with the exception of an intrusion south of the equator of fresh water in February-March 2012 that is corroborated by the Argo in situ observations. In the band from the equator to 2? S the SMOS measurements are almost always larger than the in situ observations, resulting in a positive bias around 0.1-0.15 from a statistical point of view (see Additional file 1). It should be remembered that these two data sets have significant differences in terms of space and time sampling. The influence from high frequency and small-scale processes could result in differences between these two types of products that are larger than 1 unit, similar to what was reported by Maes et al. [16] and Vinogradova and Ponte [31] . It is obvious in Fig. 1c for instance (see at~1? S during the first half of 2013) that Argo SSS observations that are very close in time and space could differ significantly. Another key dissimilarity between these two data sets is the difference sampling depths that could be as much as several meters and so generate significant contrasts in tropical regions [9] . Concurrent satellite observations of SST and SSS at comparable sampling rates and global coverages allow us to map the surface density of waters. Along the equatorial Pacific the upwelled waters are cold and salty and are therefore dense. We use a density-based criterion to identify the water of the cold tongue and to define an equatorial upwelling index within the Wyrtki box. Figure 2 shows several time series of SST in the Wyrtki box averaged according to several criteria. The black curve represents the SST variability over the full domain. The dashed line shows a similar variability but for waters with density larger than 22.5 kg/m 3 and, as expected, the differences are small as the same water type occupied the full box most of the time. Changes are larger for waters with a density larger than 23 kg/m 3 (light blue curve) with a typical peak to peak amplitude larger than 3? C and a time evolution characterized by the warmest conditions during March-April and the coldest conditions during the Sept-Oct-Nov period of each year. The uncertainties in the SSS (+/−0.15) are represented by the shaded area around the curve and are less than 0.5? C on average. The SST averaged for water with a density greater than 23.25 kg/m 3 shows a more pronounced cooling as expected but with no change in the phase of the seasonal variability in contrast to the average SST of surface waters for the entire cold tongue (defined hereafter as waters for surface density > 23.0 kg/m 3 ). Although the SMOS data are not presently assimilated by the NCEP climate forecast system, the agreement between the SST variability in the cold tongue (red curve for NCEP in Fig 2) is good and supports the possibility of extending the time period of our study by using the NCEP and CSIRO reanalysis products (Figure 3 This variability seems to be coherent with the recent trends in ENSO that have been related to an increase in the central Pacific variability [30] but it deserves further analysis that is beyond the scope of the present study.
If the temporal phase of the SST variability of the cold tongue is quite similar between the NCEP and CSIRO products (Fig 3a) , differences in amplitude raise the question of the potential role of the SSS to explain them. Note that SST observations are assimilated in both products but many possibilities related to the nature of the SST product and/or the methodology used could lead to substantial differences. However, Figure 3b shows that the main SST differences are also matched by SSS differences and the CSIRO SSS amplitude is typically larger during the ? warm season? of the cold tongue variability as compared to NCEP (red and green curves). The recent period shows another interesting result and behavior of the NCEP reanalysis: if the full SSS variability within the Wyrtki box is close to the SMOS observations (light blue curve) the SSS of the cold tongue waters exhibit a substantial low bias (around 0.2) in the NCEP reanalysis, while the phase remains good. In the absence of SSS observations and salinity profiles from the fixed tropical moorings, the present NCEP reanalysis uses synthetic salinity profiles based on local TS correlations combined with a correction term that dampens the SSS to climatology. Both of these methodologies will drive the SSS toward climatology and act to freshen the SSS simulated by the NCEP model. Whether or not this effect could impact the SST simulation of the cold tongue needs to be investigated in more detail.
Observed differences between the monthly mean fields from SMOS and uppermost (typically 5 m) Argo observations in the cold tongue might have several sources. SMOS SSS is retrieved from the radiometer data after correcting for geophysical contributions to the measured radiation such as atmospheric effects, external source radiation (sun and galaxy), sea surface roughness, SST, etc.? The retrieval algorithm thus requires a priori auxiliary information such as sea surface roughness descriptors (e.g., wind speed) and we use those predicted by the European Centre for Medium-Range Weather Forecasts (ECMWF) operational system. Strong SST gradients, differing atmospheric stability regimes, equatorial current modulation of the sea surface roughness and diurnal variability of the upper ocean associated with sub-grid scale processes in the equatorial cold tongue are known to contribute to significant biases in such descriptors from the ECMWF system [18] . This may explain partly why SMOS retrieved SSS is observed to be in general saltier (+0.1 to +0.2) than in situ observations along the equator.
Presently, the large uncertainty in estimates of the magnitude of freshwater exchanges between the ocean and atmosphere prevents a precise closure of the coupled water budget at global scales. A greater effort should be undertaken to analyze the fidelity of, and improve the depiction of, processes involved in coupled climate models and assimilation systems. In the tropics, regions characterized by abrupt and short scales of variability, spatially and temporally, suggest a potential advantage to damping the SSS toward the SMOS data rather than toward a climatology. It might be expected that regimes where evaporation or precipitation dominates will benefit from this approach in setting the upper boundary condition for near-surface ocean mixing processes as well as the salinity stratification down to the main pycnocline (i.e., [17] ). Further work is needed to better understand the impact that will have such damping strategy and it represents the focus of our current efforts.
Conclusions
By considering recent satellite observations of SSS derived from the SMOS mission and two different products from state-of-the-art models providing ocean reanalysis, this study investigated the variability of the cold tongue along the equatorial Pacific Ocean. Concurrent observations of SST and SSS, observed for the first time at high-resolution at the scale of the Pacific basin, are used to determine a density criterion and to identify the surface waters that characterize the cold tongue. The most striking feature derived from the SMOS data set is the remarkable persistence of high-salinity values along the equator and to the south of it, in a narrow 2? band of latitude. We believe that this signal represents the salinity signature of the equatorial cold tongue for the eastern Pacific Ocean (i.e. eastward of 140? W up to the Galapagos Islands).
The present analyses demonstrate that the surface waters of the cold tongue, characterized by a greater density than the surrounding warmer and fresher tropical surface waters, have a strong seasonal variability with amplitude of about 3? C that is warm in February-March and cold in September-November. As the representation of surface salinity in ocean models improves, they should prove to be useful tools for investigating the variability of the cold tongue on ENSO and longer interannual time scales. In the future, accumulation of SMOS high-resolution data will contribute to reveal relationships among SSS, SST, and precipitations at the fine spatial scales, which are potentially associated with long-term climate changes of ENSO and decadal-scale phenomena. 
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